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I. Introduction 
Attitude sensor calibnation is one of the critical tasks performed during the first h weeks of most space 

missions. It often is repeated later m a mission to maintain sensor acaracy. catitxation cumpensates attitude sensors 
for the effects of launch shock, mean tempeaature change, release of gravitatimal stress, and agmlated changes. 
Depending 011 mission requiranents, the CaliMm paranreten a s d y  include primary sensor alignments and 
inertial refkreace uuit (IRU) alignment, scale ktors, and biases. Similar Corrections may be determined iix magnet- 
ometers and Sm and Earth seams. MagneQmder calibration often includes magnetic torquer compensation. More 
rarely, it is udb l  to estimattimprovcments to the Sun sensor or startrackatnmsfix dutdian that ooaverts cwntoto 
angles m the sensor field of view. 

Flight Dynamics pasonnel supporting missions for the NASNGOddatd Space Flight Center (GSFC) regularly 
provide cali'bration parameter estimates and related analyses for many Earth-orbibjg and Lagrange point missions. 
The existing calibration software utilities are reliable and well-tested in the operations environment but do require 
input fiom an experienced analyst. The current work is aimed at adding a level of automation an top of these 
calibration utilities that will capture some of the analysts' procedure and experience with the data. It is expected 
that this will help cuntrol the cost of support, increase reliabiity, and simplify training for new personnel. 

section II discusses plans fot a general automated calibration system that monitors the data m real-time, 
schedules the calibration (including attitude maneuvers, if needed), performs the calibration, and validates the 
results. Such a system could be developed fbr eilher ground-based or onboard use. However, the prototype software 
described in Sections III and IV implements only a postion of this generat system. In particular, it does not include 
the expert system technology needed to make decisions about scheduling r d h f i o n .  What it does include is a 
ground-based system that is able to preview data quality over a given time span, select a subset of the data fbr 
processing, call the calibration utility, and report the results. This level of automation is currently being developed 
for two specific applications: IRU calibration and sensor alignment calibration. Progress m these areas is discussed 
m SectionsHIandIV. section III describes theIRUcalibretion subsystem, which has been successlllytested hr a 
variety of mission scenarios with simulated and actpal flight data. section XV describes the alignment calibration 
subsystem. Both subsystems are to be inaapoaed into the NASNGSFC in- attitude ground support 
system.' lhis software is programmed usmg the Matiab' computing language firom The MatbWorks, Inc. Section V 
gives some conclusions and d i r e c t h s  for ftture work. 

II. Automated Calibration - High Lev4 Design 
Attitude sensor calibration usually is performed during the k s t  month fbr any mission with tight attitude 

accuracy tolerances. It is performed again, as needed, if significant sensor drift is detected. The process for 
performing the calibration normally requires several steps. A calibration plan is first prepared; this includes a request 
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for a minimum data volume, the data type, and may specify special attitude maneuvers (i-e., slews). If maneuvers are 
requested, these must be scheduled around the previously established science and engineering timeline and must 
respect all mission consbgints The data are then processed to update the calibration parameters. The validity of the 
parameters is checked. Fmally, a decision is made concerning whether to use the new parameters. Analysts must 
monitor the sensors and attitude to recognize problems when they occur and decide whether a recalibration would be 
useful. 

A general automated system for attitude sensor calibration has been proposed m Ref 2. That reference provides 
a general outline for the hctional flow of the system and a detailed design and implementation for the R U  
calibration subsystem. This section reviews the weraIl design, and the next Sections discuss the continuing work on 
the IRU and aligmnent c a i i i u n  subsystems. 

The guidiug principle when building an automated calibration system is that it should capture the techniques 
used by experienced anatysts. These should be implemented as options in a sohare padrage that cau be run either 
in a l l l y  antamatmi mode with preset parameters ot a human-in-the-loop mode where choices can be made about 
the data selectiOn. A mnpkte calibration system needs to perfam the followhg hctiOas: 

0 MonitoPdafa 
0 Requestcaliiwhmneaded 
0 Plan dataacquisition, including maneuvers 
e Verifyschedule 
0 Calibpate 

validate 
Figure 1 presents a high-level design fiK such a system? The proposed system design includes the fimctians listed 
above and allows for human at a number ofkey decision points. 

The first functigl is to monitor the sensor data. This function should look for sensor trends and noise levels. The 
altitude s h d  be independently estimated and compared with the onboard estimate. The sensor residuals 
(observations minus predictim) should be monitored for any trends m the mean error or noise. 

Ifit is fouadthat systematic senm ezrors exceed acertain tolerance, the system shouldrequestre!caliibration fiw 
that sensor. It is clear that this decision process could be made very sophisticates using artificial intelligence 
methods. At this time, such methods have nat been investigated for this system. It remains up to &e analyst to 
decide when to persOrm a new calibration. 

When recalibration is needed, the proposed antumated system should indicate the level of concern or importance 
for the errm in the affected sensor. This lenl is refixred to as the Alert Level in Figure 1. The system would call for 
human mtmeation if the Alert Level is very high. h general, the Alert Level would be used in planning the 
calibration. It would help determine how soon calibration is needed and whether the Significance is hi& enough to 
interrupt the science schedule, if needed. 

To plan the calibration, the system will request certain data types, data frequency, and data volume. For example, 
if magnetmeter recalibration is needed, the system will request torquer data along with the magaetometer and other 
attitude sensor data. Merent data frequencies may be available in the Variws telemetry modes that m l d  be 
selected by the system. The data volume is a function ofthe total time span and fiequency. The system most request 
time spans (with maneuvers, if needed) that satisfy the calibration requirements. If maneuvers are scheduled, it must 
verify that these satis@ all mission constraints. 

Some calibrations require attitude maneuvers, sucb as IRU ca l iwon and transfer function calibratian. For 
example, the IRU c a l i i o n  needs varying rates on all axes to make all the parameters observable. The sensor 
trausfer function calibration needs measurements that thopoughly sample the sensor field of view. 

It is difficult to antomate mancwer planning. IIhe maneuvers must slew tbe spaoecraft over ~~Sciently large 
angles while respecting the constraints. There will also be other attitude requirements, such as ensuring that inter- 
mediate attitudes have enough guide stars and the trackers are not occulted. Each mission will have its own specific 
requirments. As an example, a utility has been created to aid in maneuver planning for the Rossi X-ray Timmg 
Explorer @X”E). This program has been used for several years to help plan manewers for IRU cali’brations The 
utility suggests sets of maneuvers and provides information to the analyst concerning the constraints and occulta- 
tions. The analyst can vary the search parameters until a Satisfactory set of maneuvers is fbund This utility is 
representative of the type of planning tool that is needed. The current version is not suBciently automated or general 
enough to apply to other missions, but it does provide a starting point for designing a generic maneuver planning 
tool. 
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Figure 1. Functional Flow Diagram for Proposed Automated Calibration System. 
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Rather than planning maneuvers specifically for IRU calibration, it may be possible to make use of slews already 
in the science timehe. Ifthe normal mission attit&! profile includes rotations that exercise all the gyro axes, no 
additional calibration maneuvers need to be scheduled. The benefits of this approach can be huge. For missions such 
as the Hubble Space Telescope (fIST) or the Chandra X-ray Observatory, it is very important to avoid interruptions 
to the observation schedule. 

However, to make best use of the maneuvers in the normal mission timeline fbr IRU calibration, a sequential 
method is needed. This need arises because a long period of time may elapse before slews on all three axes are 
available. A batch c a l i i c m  method needs all the maneuvers at once fbr processing; whereas, a sequential method 
can process one maneuver at a time and store any information needed for continuing at a later date (su& as the state 
vector of IRU parameters and its emx mvariauce matrix). Using a sequential method, an automated system can 
make scheduled calibration requests based on the mission timehe rather than bemg triggered by large attitude 
errors after maaeuvm. An '(RU calibration utility based on a sequential method has been designed and implemented 

The next automated calibration system fundion is to verify the schedule. The system must check the tentative 
calibration plan against the mission timeline. Using the Alert Level to set p r i d e s ,  the tentative schedule can be 
shifted and replanned until a satisfactory time is dzosen. 

Next, any required msneuvers are pexformed and the data are collected, adjusted, and edited to m o v e  outlying 
points. The appropriate calilmtian subsystem is called to estimate a set of updated parameters for this S~QSOT or 
group of sensors. 

To validate the new parametas, new data must be processed with both the new and old parameters and used to 
estimate the spacecraft anitude. If the new parameters are an improvement over the old, the sensor residuals will be 
statistically smaller whea computing a new altitude. 

Finally, the use of the new parameters must be enabled. This step may require input from an analyst depending 
on the level of trust in the automated system. Intervention also may be needed if there are problems with scheduling, 
large uncertainties reported by the calibration utility. Wure to converge, or Wure of the validation tests. 

forthisplxposc?-3 Thisntilityisdiscpssedfin(her in !kctionIII. 

IIL IRUCatibntioa 
The IRU caIibration subsystem is the most mature part of the automated calibration system. The subsystem has 

two main parts: data selection and IRU calibration. ?he data selection utility includes maueum detection and sel- 
ection of time spans for the caliitian. It is the newest addition to the automated system. ?he utility is described in 
sedion IILA. The IRU calibration utility PerfiTnns the calibratian updates, saves required infonaation, and reports 
results. An early version of the calibration utility was presented in ReE 2 based on the algorithm given in ReE3. 
This algorithm and some results are briefly reviewed m Sections IILB and C. 

IRU calibration amsists of estimating improvements to the IRU model parameters. These are the alignments of 
the 3 gym sensitive axes, the scale factor for each axis, and the bias for each axis. These 12 independent parameters 
cannot be distinguished unless the SpaCecraA performs attitude maneuvers. Thus the first job for the automated 
system is to locate the maneuvers within a data batch and to select those that are suitable for the calibration. This is 
the function of the automated data selection utility described nexL 

A. Automated Data stleetioa 
One of the most timeconsuming steps when perBwming IRU calibration is selecting time spans holding good 

attitude data for processing. The calibration algorithm requires accmate attitude solutions before and a h  each slew 
and mhterrupted IRU data throughout the time span. The analyst must locate the manewers, make allowance fw 
attitude control settiing time, estimate the initial and final attitudes, verify attitude ~ccuracy and sensor data quality, 
and only then persOrm the C a l i  The automated data selection utility performs these steps using a series of 
tests derived @om procedures used by experienced d y s t s .  This utility is designed so that appropriate maneuvers 
can be selected for a wide range of manewer types and mission scenarios. 

The analyst rovides a batch of data holding attitude sensor telemetry in the format used by the attitude ground 
support system. Since the calibration utility uses a sequential algorithm, it is not necessary for the data batch to hold 
a complete set of maneuvers. For eacb maneuver the data selection utility finds, it will call the calibration utility to 
update the estimate of the IRU parameters. Optionally, One of the maneuvers may be a ''null maneuver" (that is, a 
period where the rates remain unchanged) to help distinguish biases &om scale factors. 

The data selection utility can run either in a fully automated mode or in an interactive mode. The selection 
process is customized to a particular mission through a set of search and quality check parameters that need to be 
preset when running m the automated made. These parameters must be tailored for each specific mission. In the 

P 
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interactive mode, all parameters can be modified through graphical user interfkm (Gas), and the user can override 
choices made by the data seldon procedure. 

The test cases given below demonstrate maneuver selections for two very different spacecraft. The RXTE pints 
to several different astronomical targets each day but remains inertially fixed on each target between siews. The IRU 
calibration uses these maneuvers and other large maneuvers perfbrmed Speciscally for IRU calibration. The Earth 
Observing System @OS) Aqua spacecraft rotates at one revolution per orbit (1 rpo) to remain Eartfi-oPiented A 
series of moderate sized maneuvers relative to the Earth-pomtiag fiame were performed fot IRU calibration. 

To detect the start and end of eacb maneuver, the utility searches fa large angular acceleratians. It is not enough 
just to check lbr changes fiom the nominal rates since the 1 rpo rotation fix an Earttr-ariented spacecraft projects 
onto different axts during a maneuver. Far example, the nominal pitch rate becomes a 1 rpo roll rate after a 
90 degree yaw. However, searchiag fix acceldms works fix both inertial and Earth-aiented spacemi& 

Large aogulet accelerations are distinguished by comparing each computed aoceleralim with the standard M a -  
tion of the acceleration over the entire time span. The Criterion (Le- how mmy standard deviations must it be &om 
the norm) is a ~ s c f  input parameta. One complication is &at some slews consist of an acceleration, Mowed by a 
constant rate coast, and then a deceleration; whereas, other slews have an acceleration and deceleration with no COBst 
period. In either case, the so- must recognize the pattern as a single slew. 

Figure 2 shows a typical RXTE maneuver. 'ibis figure and the following figures in this section show actual on- 
orbit rate data. 'Lhe upper plot shows rates on the Z-axis, and the lower plot shows the accelerations In this case, the 
spikes in the acceleration clearly indicate the maneuver stiirt and end times with a long coasting period m between. 

A problem arises for spacegaft subject to large vibratians, such as both RXTE and Aqua. The magnitodes of the 
instantaneous angular accelerations determined by differencing the gyro rates can be as large as typical d d o n s  
fix slews. To e l imi ie  these from the maneuver selections, a sliding window average ("boxcar" average) is ht 
applied to smooth the rates. The accelerations are obtained by d i h c i n g  these smoothed rates. An emple  is 
shown in Figure 3. The motion of the massive High-Energy X-ray Timing Experiment (HEX=) device on RXTE 
causes signiscant vibratkms twice each minute. The angular accelefatioas from Lese vibratiw are large even 
during nominally inertial pointins puid .  As seen in the figure, the boxcar averaging reduces the computed d- 
eratims by an order of magdude so they are not confused with the accelerations from the slews of interest. The 
wid& of the smoothing window must be larger than the vibtim time but less than the maneuver acceleration time. 
'Ihii window width md all other manewer detectioa parameters are adjustable by theuser. 
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Figare 2. (a) RXTE Z-axis gyro rates for a typical IRU calibration maneuver. The smoothed and raw 
rates are nearly indistinguishable on this scale!. @) Angular accelerations derived from the smoothed 
rata 
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Figure 3. (a) RXTE Saxis gyro rates for typical inertial period (no maneaver). The large perio<iie 
vibrations are caused by motion of one of the science * 

. ts. (b)Angularaccdemtionsdeiived 
from the raw (blue) and smoothed (red) rates. 

Figure 4 shows typical IRU calibration maneuvers for the Aqua mission. Here there are two slews: the spaceaaft 
pitches up about the Y-axis, remains at that attitude fw about 600 seconds, then pitches back to nominal attitude. 
Each slew umsists of an acceleration and deceleration with no umst period. Aqua is an Emth-oriented spacwxaft, 
and the nominal 1 rpo rotation appears as a -0.06 deg/s pitch rate on the Y-axis. 

x lo" 
U 

Time Itom She -s 

-re 4. (a) Aqua Y-axis gyro rates for two pitch axis IRU calibration maneuvers consisting of a slew, 
constant rate hold, and slew back. (b) Angular accelerations derived from the smoothed rates. 
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For Aqua, maneuvers about the X-axis are the most dii5cult to detect. There are large X-axis vibrations due to 
motion of the science instruments. These vibrations make it hard to determine the roll maneuver start and end. 
Figure 5 shows the X-axis accelerations after smoothmg the rates. The figure shows f w  roll maneuvers. There is a 
roll out, constaut rate hold for 600 seconds, and roll back. These maneuvers are followed two orbits later by a roll 
out in the opposite direction, hold, and roll back. These stand out from the vibrations only by about a factor of 3. 
Without the boxcar smoothing, these slews could not be detected. 

Figure 5. &M X-axis angular accelerations derived from the smoothed rates. Four roll maneuvers are 
shown. (The appuent msttipEe lines are an i 5 i o n  caused by the IRU smpling hquency relative to 
the vibrafion frequency.) 

After the manewers have been l d  using the angular accelerations, a userdebed time is subtract4 fimm the 
start time to allow far IxwuWng ofthe liccderatioa period by the smouthmg process, and a separate userdeihed 
time is addedtothe end time to allow for bnwdening and awtrol system Settiing at the md. 

Next, constaut rate periuds before and after each manewer are located and tested fix quality. Remember that 
g~attihtdesolutionswillbeneeded~eacbconstantrateperiodwhenperformingthecalibation. 

The following list summarizes the tests that are used to locate data spans with high quality maneuvers f a  IRU 
calibration: 

Angular accelerations are computed h boxcar-averaged gyro rates. Large accelerations and 
decelerations are paired up as single slews, with separate logic for cases with and without rate cast 

There must be constaut rate periods before and d e r  each slew. 
The constant rate periods must be sufiiciently long. 
The maneuver must last more than a minimum time. For null maneuvers, the minimum time is taken to be 
the same as the constant rate puiod minimum time. 
The value of the constant rate must be less than a limit. This is needed because sensors (such as star 
trackers) am have k g e  errors ifthe angularrates aretoo large. 
The standard deviatiOas of the constaut rates must be below a given limit. 
The constant rate periods must have no gyrogaps greaterthan a given limit. 
The maneuver periods must have no gyro gaps greatex thaa a given limit. 
For each sensor used for attitude determinatim, there must be at least a minimum number of valid 
observations during the constant rate periods. 

periods. 

Ifa data span passes the &ve tests, the &de detamination system (ADS) is nm fbr the two constrmt rate 
periods. The ADS is part of the institutional attitude ground support system' and uses a batch least-squares method 
to estimate the attitude and gyro bias. For each time span, the results of the ADS nm must satisfy the following 
additional tests: 

The ADS must converge. 
For each sensor used for attitude determination, the ADS must accept a minimum number of observations. 
For each sensor used for attitude determination, the ADS must not reject more than a given number of 
observations. 
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13) For each seam used for attitude determination, the mean of the sensor residuals must be below a given 

14) For ea& sensor used for attitude determination, the standard deviation of the sensor residuals must be 
limi 

below a given limit. 
This set of tests is able to detect the significant maneuvers and distinguish them fiom vibrations and slews that 

are too small to be usefid for IRU calibration. It also ensures that the attitude estimates before and after each slew 
ace sufficiently accurate before beiig passed to the calibration utility discussed in section IILB. (The data selection 
utility does not attempt to check the absolute attitude mors. Instead, the jmcedure ensures that the e~urs are typical 
of the best available with that sensor cumplem~t.) 

The dataselection parameters must be adjusted for each mission, but good parameter sets have been h d  for 
the very diflkent scenarios posed by RXTE and Aqua, as typified m Figs. 2 through 5. 

Figure 6 presents the end result of tbe data sei& utility for a series of several slews for RXTE. In this fi- 
the black line shows gyro rates, maneuver perioaS are shaded green, constant rate periods are yellow, and selected 
constant rate perioas are red. For example, &e ht maaeuver is clear since its selected time spasl does not overlap 
with the next maneuver. It has n m  rates on all three axes, and the cunstant rate perid are i n d i d  bibre and 
after the mmeuver. The nuII maneuver am be seen near 1x 10' seconds. The maneuver near 2.2~ 10' secu~ds was not 
selected (there is no red shading) since there w r e  insufjicient gyro data before that slew (due to a data dropout m 
the original telemetry). 
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Figure 6. IRU Rates (black dotted line) and data selection €or the RXTE spacecraft. The slews are 
shaded green, the constant rate periods are yellow, and &e dated  constant rate periods are red. 
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B. Seqtltntirl D8veeport Algorithm 
A variety of IRU calibration methods have been developed and tested in support of missions fop NASA/GSFC. 

Two of the most reliable methods are the Davenport algorithm' and the Bat& IRU calibration (BICal) methd5 A 
comparison of four different methods is given in Re€ 5. 

The Davenport algorithm has been chosen for the automated IRU calibration utility- The BICal method is 
simpler to use, but the Davenport method is mare robust and more amenable to formulation as a sequential Bter. 

With a batch method, the entire IRU calibration is @rmed at me time using a complete set of manewers to 
make all 12 IRU param- obsemble. With a sequential metnod, this is not neceswry. The maneuvers can be 
spread out m time; knowledge of the IRU parameters can be updated after each suitable maneuver. E& slew may 
contain incomplete infbrmatian, but complete obsenwbility is built up over time as the manewas are processed. ft 
is only necessary that the error d a n c e  of the IRU parameters also be npdatda and carried h i a  one maneaver to 
the next. This d c e  matrix is the means by which coprelatigls among the state elements are remeanbered and 
the state can amverge w i m  there are sufFiciart maaeuva~ fa 111 observability. The method also mctodes a 
process noise model to represent the gradual loss of knowledge of the state between maneuvers. 

A detailed description of the sequential versh  of the Davenport algorithm is given m Ref. 3. A review of the 
theory can also be folmd in Re€ 2, so only a brief overview will be presented here. 

The goal is to determine amxtm - s to the gyro alignmmis, d e  hctors, and biases. The raw IRU data are 
adjusted using a pricai values for these 12 parametas to obtain estimated m h ,  &, . The true rates, 5,  are unknown. 
The difference between the estimated and true rates is a fimction of the parameter errors. Ifone has an independeat 
measure of this rate error, the IRU parameter co~ect ims can be estimated. 

The attitude estimates during the constant rate periods before and the maneuvers provide the information 
needed for an independent measure of the enar. The ADS determines both the attitude and an effective bias for each 
constant rate lime interval. This attitude is not q&cted by the unknom IRU parameter arors. The attitude estimate 
is accurate because the & d v e  bias absorbs any errm m the 12 IRU parameters as long as the rates are consbmt. 
(See the discussion in Re€ 5, for example.) The IRU parameters can only be separately distinguis#ed when the rates 
change, as during manewers. 'zhis condition is the reason it is so importaut to select only data spans d e r e  there is 
good attitude sensor data before and after the slew. 

Wilh good atthdc estimates in hand, onepmceeds by defiuingan err01 qUaternian 

where QR is a quatemirn representing the true vehicle rotation fiom the start to the a d  of the maneuver. This total 
rotation is known, independently of the slew rates, fiom the A D S  attitudes using, e.g, Scar measurmrnts and the 
nearly constant rates during each time span. The QC represenis the vehicle rotation inferred entirely fiom the IRU 
measurements. One then defines 62 as the vector part of CiQ. 

Next, it can be shown that the error 6Z is related m l"-ork to the angular rate error, 66= 6-&, through 

where the matrix qt )  t r a n s h m s  vectors to the pre-inanmer spacemail h e  h the h e  of the s p d  
attitude at any time t. In particular, nt) is known hxn the IRU data throughout the maneuver, adjusted using a priori 
parameters. The time inkgation covers the span of the maneuver. (An alternative formulatian relates 65 to a 
standard geocentric i n d  h e  rather than the pmmaneuver h e ,  but the end result is the same.) 

Equation (2) relates the IRU model parameters to the measurable quantity 6Z. The error cao be expressed in 
terms of small 4xmecmn - s to the alignment, scale factor, and bias, which can then be estimated by minimizing the 
error bZ in a least-squates sease. 

The weights fbr the estimator depend on the attitude uncertainties fiom the ADS and the a priori covafiance of 
the IRU parameters. The algorithm accounts for pmess noise in both of these terms. A random walk model 
contributes to the uncertainty both during each maneuver and between maneuvers. The latter is more important 
because any amount of time may elapse between maneuvers. The strength of the white noise sources underlying the 
process noise is based on experience with parameter drift fiom several missions, but filter tuning remains a topic 
where additional work needs to be done. 
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The current implementation of the sequential Damport algorithm assumes all the gyro data are availaMe within 
the calibration system so that the solution am be iterated. "%is helps to remove errors arising h m  2"d+rdez t a m s  
when the initial errors are large. On the other hand, ifthe processing were done m real time and the raw IRU data 
immediately discarded as m an onboard application, it would not be possible to iterate and the convergence time 
could be longer. 
Since the IRU biases may already be known h the A D S  solutions during zero rate periods, the calibration 

utility has an option to use these and to solve only fbr the alignment and scale factws. 

c. IRucdibrat.ioaResalbr 
The sutomattd IRU calibration subsystem has been tested using 5ight data and simulations h fatr diffeaeot 

scenarios. Besides the RXTE and Aqua examples disatssed above, thme are a simulated 1 rpo mission with no noise 
on the gyms or attitdead a lmg duration simulation where the IRUparametersare subject to amdom WanL In 
all cases, the IRU paraaeters have been cmqted by ]mown amounts, aqd the erzofs reported below srereiative to 
these values. The RXTE and Aqua iligbt data have first been corrected fbr any prior calihation errors. 
1. Simla&?d Nok-Fize, I-rpo S p i x m j l  

The first example is a simulated, nokfiee, 1 rpo mission. Figure 7 shows the errors in the estimated IRU para- 
meters after 4 of nine maneuvers. The initial errors in the gyroscope d e  Eactors, alignments, aud biases are 
removed after the first hur man==. These are a null manewer, a 10 degree roll, a -10 degree roll, and a 
25 degree yaw. These are followed by a -25 degree yaw, and then a repetition of the roil and yaw ofk& m the 
opposite directions hr a total of nine separate slews. 

Therearetlmeintaestm - g items of ride: 
First, since this example is noise-fkee, very little additional improvement m the IRU parameters is obtained with 

the final five maneuvers. 
Secund, the ernas in the alignment an- get much worse befaethey g& beuer. Most ofthis mar can betreoed 

to the large initial bias crro~s. In Practice, effective biases are determined o n M  or on the ground separately f h n  
the full IRU calibration, so the initial bias mors can be made much smaller than in this example. 

c c. 
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Fignre 7. Improvements to the IRU calibration parameters for each maneuver for a simulated, noise- 
free, Earth-oriented spacecraft. 
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Third, no pitch maneuver is needed. Full observabii is possible for an Eartb-oria~ted spacecraft usiug only roll 
and yaw slews. This condition occ~fs because the projection of the 1 rpo rotation onto &e s p d  pitch axis is 
proportional to the cosine of the roll or yaw angle. The change of rotation rate about the body pitcb axis is suflicient 
to make its parameters observable. The fwrdt scenario given below presents another example similar to this. 

For most missions, multiple slews will be performed for IRU a l i i ,  exercisiig each gyro axis in both 
directions to provide mu& more aawate calibration results. The improvement is expected ibr several reasons: 
additional data improves signal-tenoise ratio, slews in opposite directions allow for canallation of some 2"d-order 
emm, and some gyros have slightly different scale factors RH opjwsite dwection rotatiOns that need to be averaged. 
Mternative~y, the dfied 0f2~-0rder errors can be mitigated without slews in opposite directions if &e aditration 
system allows fix intend itersticm of the state estimate, as is the case with the sequential Davenport algorithm. 
Also, asymmetric scale fixtors can be explicitly modeled, increasing the state to 15 elemeats, but (bat has not been 
done m the arrent implcmentath. 
2. m F l i g h t D o t a  

Figure 8 preseats an exampie using actual RXTE flight data after CMIptions were added to the IRU rates. 'Ihe 
figure shows improvements b the IRUparameter estimates for each maneuver. Tbe calibraticn was perfbrmed witb 
a series of five manewers: 3 0  degrees abont the body Z-axis, +SO degrees about Z, a ndl  maneuver, +60 degrees 
about Y, and 60 degmes about an axis mtermediatebetween X and Z. The slew rates m all cases areO.1 deg/s. 'Ihe 
find estimates five m a n m  are very good. The remaining errors are approximately 2x 10" scale factor eator, 
1 arcstx misalignmeat, and 0.001 arcseds bias error compared to a prior calibration performed with this same 
software but with no added corruption. 

5 I 

I 1 I I I 
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I 
1 

0 1 2 3 4 5 

Figure 8. Improvements to the IRU calibration parameters for each maneuver for the RXTE 
spacecraft using flight data with corrnptiOn added to the JRU parameters. 

3. Simulated RXTE Dah, Long Dwatioq w-th Random Wdk IRU Parameter Errors 
The Kid  scenario is a simulation that consists of an inertially-oriented spacecraft such as RXTE that pafbrms 

one maneuver per day about a random body axis. It is assumed that the gyro biases are known h m  the onboard 
filter, but that the scale factors and alignment drift continually. The goal is to use the one daily maneuver to estimate 
the scale factors and alignment and to maintain knowledge of them in the presence of the random drift. 
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The truth model IRU parameteas are modeled as random walks. A random walk produces enras that grow as the 
square root of the time. For this simulation, the alignment error grows to 3 arcscc and the scale factor errur grows to 
0.003 in one month. For comparison, this d e  factor mor is roughly 30 times Iarger than the tolerance Specified for 
IRUs similar to the ones flown on RXTE, and alimpgts are usually much more stable than m this example. 

Figure 9 shows the results for the ht 12 days. The software option not to solve for gyro biases was chosen. The 
sequential filter locks m on the truth model parameters and successfuuy follows their drift 

The simulation was continued for five years to verify there were no slowly diverging components. The ezrors 
were found to remain small even as the truth model parameters drifted far from their initial values. 'Zhe standard 
deviation of the scale factor errors was 0.0007 and the staadard deviation of the misalignment was 1.7 ar-, 
averaging mer the three axes. 
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Figure 9. Errom between estbmtlted IRU panmetem aud truth values for a Simulated spacema& 
performing one slew per day about a nuadorn asis. The calibration converges and parameters remain 
well determiued even with large random wplkerrors. Biases were not estimated m this test. 

4. AquaFligkData 
'IEe final example uses flight data fiom a series of 12 maneuvers performed over a period of two days by the 

Aqua spacecd for lRU calibration. For this test, the raw IRU data were cali'brated using the BICal method and then 
known corruptions were added. There are four maneuvers about each body axis: slew to an attitode offset in roll, 
pitch, or yaw, hold at that ofkt long enough to obtain a good attitude solution, slew back to nommal, then repeat 
with the opposite offset. The maneuver is the null, and what would have been the 13* manewer was rejected by 
the data selection utility because of insuf€icimt idemtified stars. The results are shown m Fig. 10. 

It is interesting that a moderately good solntion is obtained after only the first four maneuvers. These are all yaw 
slews, The full state is ObSgvaMe because the yaw rotation exercises the Z-axis gyro, w h i i  the yaw o m  provides 
a jrojection of the 3 rpo rotation rate onto the X-axis Pmpontional to the sine of the yaw angle, and the Y-axis pit& 
rate decreases f b m  1 rpoto 1 rpo x asmeofthe yaw angle. 

It can also be seen m Fig. 10 that the alignment errors are not completely removed. The fiaai errors r age  fiom 
10 to 30 arcsec on the lhee axes. These errors are larger than those for the RXTE example because of uncertainties 
m the initial calibration. Far RXTE, the initial IRU parameter errors were removed using the same data set with the 
same sequential Davenport software as used f i r  the test, so the end result is expected to be very similar when the 
COINptions are debmined and removed. For Aqua, &e BICal utility was used to remove the initial parameter 
errors. This algorithm is very different in that it uses ull the data in the batch rather than selecting only some of the 
maneuvers and their adjacent constaut rate periods. The size of the IRU alignment disaepancy is a measure of the 
uncertainty in the calibration and is m agreement with previous experience with Aqua. Tfiis large uncertamty arises 
fiom the large vibrations and timedependent & m a l  defwmatioa misalignments of the star trackers discussed 
briefly in the next section. 
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F'igure 10. Improvements to the IRU calibration parameters for each maneuver for the Aqua 
spacecraft ssing flight data with COrraptioIL added & the IRU parameters. 

IV. A.BOauted A l i p n w m t  Calibmljon 
Attitude setlso~ alignment calibration is a procedure for OOrrectLn g the seams fbr any relative misalignmmts m 

their mounting to the spacecraft body. Only relative misalignments can be detected since a common rotatim of all 
the sensors would be indistinguishable drom an attitude shiil. The alignment & i t i o n  procedure is simpler than 
that fot JRU calibration. In addition, it was decided that the initial prototype for automated alignment caIiWon 
need not be implemented as a sequential 13terr. Thus, the design for this subsystem is simpler m many ways than that 
for IRU Cailan-ation. 

A reliable, welttested, batch utility called ALICAL6 is available as part of the attitude ground support system fiK 
alignment calibration. Tfie ALICAL utility uses an attitude-mdtpendent method and is insensitive to rate errors. This 
also helps simpli@ the automation process. Many of the requirements for selecting dab for the automakd IRU 
calibration subsystem are not needed for alignment calibration. 

Similarly to the IRU calibration, the alignment calibration procedure divides into two parts: data seiection and 
alignment calibration. The data selection iigaiu is based on finding constant rate periads, but no manewers are 
required. The goal is to locate times den attitude sensor noise is likelyto be small. Since sensor cam often 
increases with body d o n  rates, the gyro observations are used to determine constaut rate periods, and these 
periods are used for the calibration. The data selection tests are much simpler than those fbr automated IRU 
calibration because it is not neceSSary to locate manmvers with adjacent constant rate periods. 

Once the time span for calibration is selected, the ALICAL utility divides the data mto many small grwps  of 
nearly simulEaneous observations m the sensops to be calibrated. Withiu each group, the seasor data are all 
propagated to a ammon time usmg the gyro rates. Tbe time lenglh ibr these groups is set by the user so that the 
gyro propagation over that time contributes negligible error, which is why the method is insensitive to IRU calib 
ration mors. 
Next, ALICAL computes a "single-Me" attitude for each group using the data that were propagated to a 

common time. These attitudes are used only as a starting point fw the ALICAL algorithm. There is no need for any 
other apriori attitude computation or propagation of attitude estimates between data groups, which is why the 
method is truly attitude-independent. The program m h h b  the root-mean-square sensor residual over all groups 
with respect to the misalignments. 

There are two steps in the process where bad observations may be detected and removed. The first test checks 
for any observations in each nearly simultaneous group that are inconsistent with the other observations in that 
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group. The second test is applied during the iteration process in ALICAL. The program computes the difkrence 
between the residuals h m  each data group and the mean residual fw all groups. lhis difference is compared to the 
standard deviation of the residuals, and the data group is rejected if the difference is larger than a user-specified 
tolerance. 

A furlher refinement is required in cases where sensor alignments vary with time and must be &equently 
recalculated. This was the case for the Aqua mission. Thermal deformations caused the two star tracker atignmentS 
to vary regularly as the spaceaaft heated and cooled. The deformations were h d  to repeat approximately with 
orbit phase. (Mare accmztelyy they repeated on every third or fiwrth orbit due to the combmed effects of solar 
heating and the cycling of an onboard heater.) A mkion-spedic version of the automated alignment calibration 
utility has been used to estimate a timedependent relative misalignment,’ 

V. Conclusion 
Substantial progress is being made toward the goal of developing an antomated caliion system. A fumctional 

outline for a very general system has been presented that includes planning and schedulin& as well as calibration 
and validation. Izowever, the actual prototype code development has fbcused on the data selection and calibration 
utilities. A system having just these capabilities should atready be useful enough to provide immediate benefits in 
the operations environment 

The IRU c a l i i m  subsystem has been tested with s e v d  mission Scenarios. It has been found to work well in 
all cases aAer the data selection parameters were tailored for each mission. This implies a need to understand the 
maneuver prosle for any mission where this sy.stem is to be used. The data selection utility should be tuned using 
simulated maneuver data before launch 

The sensor aiigament calibration subsystem is not yet fully developed. Howevery gn early pmtatype has been 
testedwith Aqua data and hundto work well. 

There are a number of areas where additional wapk is needed. A new subsystem could be developed for aato- 
mated magnetometer calibration. This ntility should be able to process several batches of long data spans. Long dab 
spans are needed to average out the a of local hacamcies of the reference field model and to sample a wide 
variety of magnetic tamper aUivity so the tcrqw mtatnination can be determined. 

Another ateaofmtenst is onboard llirQmated ca l i ion .  In particular, the method used here fw IRU cslibmtion 
can be easilyrnodikd fix onboard use. In one respect, it would be simpla to apply onboard since there already is 8n 
attitude estimate available h m  the amtrol system. It would not be necessary to determine an attitude ibr each 
constant rate paiOa. The utility would only n d  to select onboard attitude estimates apprapriately. Work on such a 
system is ongoing. 
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